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Abstract 
Circular dichroism (CD) is an important structural biology technique used to study protein 
dynamics, and most especially the secondary structure of peptides and proteins. Although CD is a 
technique that is relatively easy to introduce to undergraduate students, the high cost of obtaining 
a conventional CD instrument and the time required for sample preparation prevents a good 
number of students from having hands-on experiments demonstrating the principle of CD. Herein, 
theoretical circular dichroism with the dipole interaction model, DInaMo, is proposed as a tool for 
introducing students to CD. Using the dipole interaction model, the CD spectra of an α-helical 
protein, calexcitin, is predicted with a good morphology, and peak intensity and location of the π–
π* transition. The n–π* transition is well approximated with normal modes obtained in the correct 
location and sign.  
Introduction 
Circular dichroism (CD) is the differential absorbance of left and right circularly polarized light 
by a chiral molecule (1). The phenomenon of chirality and non-superimposable identical pairs of 
objects is wide spread in nature. A common example is the pairs of human hands. In a similar 
manner, chirality exists at the molecular level. Chirality in a molecule may be brought about in a 
number of ways: either intrinsically by virtue of its structure, or by being covalently linked to a 
chiral center, or as a result of being placed in an asymmetric environment (1). In biological 
systems, it is often the asymmetry of the attached groups about a carbon atom that gives rise to 
chirality (2). All the standard amino acids that form peptides and proteins are chiral, except for 
glycine, which lacks an asymmetric α-carbon atom. Since proteins and peptides are built from 
chiral units, thus, they can easily be studied with CD spectroscopy.  
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Although X-ray crystallography, NMR, and cryo-electron microscopy are the methods of 
choice for protein structure studies (due to their high resolution), as reflected by their proportions 
in the Protein Data Bank (PDB) (3), CD has some salient advantages over these methods. CD is 
relatively rapid, requires a small sample amount, it is non-destructive allowing multiple 
experiments to be conducted on the same sample, and it includes solution measurements so 
proteins can be examined in solution (1,2). Samples can also be studied under physiological 
conditions as opposed to low pH/high concentration required for NMR spectroscopy (2).  
CD is therefore an invaluable tool in structural biology studies, and it has the potentials of being 
widely applicable in peptides, proteins and nucleic acid studies. CD can be used to test molecular 
modeling and structural integrity; for example, secondary structural information on a novel protein 
can be used to test tertiary structure models produced by homology, ab initio calculations or other 
techniques (2). CD can be used to examine a mutant protein with respect to the wild type to see if 
the mutation alters the overall fold and integrity of the protein (4). Protein-ligand and protein-drug 
binding can be studied with CD spectroscopy since binding of a ligand or drug to a protein often 
leads to a slight alteration in the secondary structural content (5,6,7).  
Given the time required to prepare a sample for conventional circular dichroism spectroscopy 
analyses (8), and the cost of obtaining and running a conventional CD instrument, it is challenging 
to introduce undergraduate students to the principles of circular dichroism with hands-on 
experiments. However, with theoretical CD, students can be adequately introduced to the concept 
of CD within a laboratory period or two. One of such theoretical CD package (DInaMo) to predict 
CD of modeled structures has been developed by Uporov et al (9).  
Herein, undergraduates predict the theoretical CD of a representative α-helical protein, 
calexcitin, using the dipole interaction model. Calexcitin is a neuronal calcium-sensor protein that 
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regulates potassium channels and the ryanodine receptor (class of intracellular calcium channels 
involved in various signaling pathways) (10). Calexcitin has been shown to be up-regulated 




The dipole interaction model makes use of molecular polarizabilities in optical rotation 
calculations (11,12). In this model, a molecule is considered to consist of N units. In the presence 
of light, these units (which may be an atom, a group of atoms, or a molecule) interact with each 
other through their induced electric dipole moments.  A given unit i, located at position ri with 
polarizability αi, has an induced dipole moment µi, due to the electric field Ei, resulting from the 
light wave (Equation 1) (9,11,12).  





'"(, is the dipole field tensor and it is a function of the distance between two dipoles. 
 Circular dichroism Δε at each wavenumber , is calculated as sums over the Lorentzian bands 











NA is Avogadro’s number,  is the half-peak bandwidth (two bandwidths are used herein: 4,000 
and 6,000 cm-1). Rk is the rotational strength associated with the k-th normal mode.  The number 






Calexcitin (2CCM) (10) is a monomeric protein with 191 amino acid residues. It is 
predominantly an !"helical protein with a 58.4% α-helical content (Figure 1). Other secondary 
structures in the protein include: 310-helices (3.7%), beta strand (2.1%), beta bridge (1.0%), bonded 
turns (11.8%), bends (4.7%), and irregulars (18.0%). This protein has been CATH classified as 
being mainly alpha helical with an orthogonal bundle architecture. 
 
 
Figure 1. Calexcitin CD and Secondary Structure. Calexcitin (2CCM) secondary structure: thick purple 
cartoons/coils correspond to α-helices (8–21, 32–46, 53–73, 83–98, 105–118, 128–136, 142–152, 162–
174); short blue cartoons/coils correspond to 310-helices (181–184) the yellow tapes are β-sheets, (29–30, 
81–82) green ropes are turns and other structures (10). 
 
 6 
Protein Preparation and Energy Minimization 
Calexcitin (2CCM) PDB file was prepared with VMD (13) and energy minimized with 
NAMD/CHARMM22 (14) in vacuum for 10,000 conjugate gradient steps. The DInaMo/CDCALC 
(9) software requires significant energy minimization to adjust bond lengths and bond angles in 
the crystal structures. It is common for crystal structure geometries to have slightly shorter bond 
lengths (15), such that they cannot be used directly with the dipole interaction model, since this 
model is very sensitive to molecular geometry. Thus, it is generally recommended to use a higher 




Cartesian coordinates generated with the NAMD minimized protein structure were used to 
calculate the π-π* and n-π* CD spectra of calexcitin using the steps outlined in appendix A of the 
thesis of A. C. Jungong (16). The nonchromophoric atoms of the protein were treated in six 
different ways: (1) the methyl (CH3) hydrogens were deleted prior to calculation. (2) Both the 
methyl and methylene (CH2) hydrogens were deleted. (3) All the methyl, methylene and 
methylidyne (CH) hydrogens were deleted leaving only amide hydrogens. (4) A new mean 
polarizability parameter was implemented for the methyl group only. (5) New mean polarizability 
parameters were implemented for both the methyl and methylene groups. (6) New mean 
polarizability parameters were implemented for methyl, methylene and methylidyne groups.  
For the  chromophoric group, the  amide point positions for the anisotropic chromophore was 
either the center of the N-C bond (o), shifted along the N–C bond 0.1 Å towards the carbonyl 
carbon (x), or shifted 0.1 Å normal to the C–N bond from the center into the NCO plane toward 
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the carbonyl O (y). The Eulerian angles between the first amide chromophore and successive ones 
were calculated with COR_EUL, a subroutine in DInaMo (9). The CDCALC portion of the 
program generated the normal modes and spectrum for each protein. Four different dispersive 
parameters were used for the calculations: the original parameters (OL) (17) created for the dipole 
interaction model, the α-helical parameters(H) (18) created for α-helical proteins, the poly-L-
proline II parameters (J) (18), and newly developed mean polarizability parameters (MP). Each 
CD spectrum was computed for wavelengths between 180 and 250 nm with a step size of 1 nm 
and bandwidths of either 4,000 or 6,000 cm-1. The DInaMo subroutine CDCALC was run on a 
Linux server (Fedora Core Linux 6, 64 bit) compiled with PGI Fortran77 compiler. 
 
CD Analyses 
CD results obtained with DInaMo/CDCALC were analyzed using Excel (Microsoft, Santa 
Rosa, CA) and plots generated with KaleidaGraph (Synergy Software (Reading, PA). These results 
were compared with experiment by evaluating the normalized root mean square deviation (RMSD) 
between experiment and calculated CD at each wavelength ?" for the total number of wavelengths 
@A computed (Equation 3). Three different RMSDs are calculated: one for the 180-210 nm that 
corresponds to the π-π* transition, another for the 210-230 nm region that corresponds to the n-π* 
transition, and one for the entire spectrum (180-250 nm).  
:BCD =






Results and Discussion 
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The different forms of secondary structures found in peptides and proteins exhibit distinct far-
UV CD spectra. An α-helical protein typically has three bands: the intense positive band at ~190 
nm and the weak negative band at ~207 nm are both attributed to the π-π* transition, while the 
negative band at 222 nm is assigned to the n-π* transition (19, 20). Comparing the predicted 
calexcitin spectra data to the SRCD data (20), the two π-π* transition peaks at ~190 nm and ~210 
nm wavelength are both closely reproduced (Figure 2). Excluding methyl and methylene 
hydrogens results in lower RMSDs (Table 1) and a good peak morphology and intensity (Figure 
2) with both the original (OL) and mean polarizability (MP) parameters. This supports findings 
made by Uporov et al (9); that the OL parameter is the best parameter of choice when using 
DInaMo/CDCALC to predict the CD spectra of α-helical proteins.  
Due to the size limitation problem with the dipole interaction model (the model works best for 
proteins with less than 300 amino acids), Bode and Applequist suggested that methyl group or 
other side chain groups be replaced with an isotropic point polarizability (22). Excluding side chain 
methyl groups by ignoring all the methyl hydrogens has been successful with a large set of proteins 
(9). Excluding both methyl and methylene hydrogens results in a better replication of the π-π* 
region of the spectrum (Figure 2B). Thus, The proposed idea of excluding methyl hydrogens in 
order to improve results with the dipole interaction model can be extended to excluding both 
methyl and methylene hydrogens. Figures and tables showing results for the other parameters with 




Table 1. Calexcitin CD Analysis with the π-π* Transition Parameters Only. 
 



























Excluding Methyl Hydrogens 
a SRCD 193 12.50 208 -6.12 223 -5.52 0.00 0.00 0.00 
b 6000Ho 189 6.81 208 -6.03 223 -2.20 4.84 2.46 3.49 
b 4000Jx 195 12.52 214 -10.77 223 -5.06 2.45 2.89 2.25 
b 6000OL 192 9.65 210 -7.13 223 -3.02 2.52 1.77 1.95 
b* 4000MP 193 19.42 208 -13.05 223 -2.91 4.61 2.76 3.41 
b* 6000MP 193 9.45 210 -6.75 223 -2.99 2.32 1.78 1.85 
Excluding Methyl and Methylene Hydrogens 
a SRCD 193 12.50 208 -6.12 223 -5.52 0.00 0.00 0.00 
c 6000Ho 189 7.15 208 -5.90 223 -2.14 4.67 2.52 3.40 
c 4000Jx 195 12.49 214 -10.70 223 -4.99 2.55 2.85 2.28 
c 6000OL 192 9.99 210 -6.99 223 -2.90 2.36 1.85 1.89 
c* 4000MP 193 18.71 208 -12.96 223 -2.94 4.49 2.74 3.33 
c* 6000MP 193 9.03 210 -6.76 223 -3.02 2.58 1.76 1.98 
Excluding Methyl, Methylene, and Methylidyne Hydrogens 
a SRCD 193 12.50 208 -6.12 223 -5.52 0.00 0.00 0.00 
d 6000Ho 187 7.96 207 -6.11 223 -1.97 5.50 2.70 3.94 
d 4000Jx 193 14.14 213 -10.83 223 -4.40 2.02 2.83 2.04 
d 6000OL 190 10.90 208 -6.67 223 -2.26 3.39 2.38 2.61 
d* 4000MP 184 13.48   223 0.20 6.22 5.61 5.14 
d* 6000MP 186 6.41   223 0.28 5.52 5.71 4.82 
 
a SRCD from the Protein Circular Dichroism Data Bank (23).  
b CDCALC using PDB structure minimized via NAMD/CHARMM22, CH3 hydrogens are deleted prior to calculations and only the π–π* transition is included in 
the calculation.  
cCDCALC using PDB structure minimized via NAMD/CHARMM22, all hydrogens attached to CH3, and CH2 groups are deleted prior to calculations. Only the 
π–π* transition is included in the calculation. 
d CDCALC using PDB structure minimized via NAMD/CHARMM22, all hydrogens attached to CH3, CH2, and CH groups are deleted prior to calculations. Only 
the π–π* transition is included in the calculation. 
*CDCALC using mean polarizability values for the aliphatic carbons and hydrogens – all transition parameters yield the same results. 
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Figure 2. Calexcitin CD Prediction with π–π* Transition Parameter Only.  The π–π* transition peaks at ~190 nm and ~210 nm are 
closely replicated, while the n–π* transition peak at ~220 nm is completely left out since these set of calculation include only the π–π* 
transition parameters. Using mean polarizability (MP) parameters while excluding only methyl hydrogens (A), or excluding both methyl 
and methylene hydrogens (B) closely reproduces the π–π* region of the spectrum. However, excluding methyl, methylene, and 
methylidyne hydrogens (C) greatly skews the MP predicted spectrum. 
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In comparison with predictions using the π-π* transition parameters only, adding the n–π* 
transition parameter improves the overall morphology of the spectrum (Figure 3) and lower 
RMSDs are observed for all three regions of the spectrum (Table 2). When the n–π* transition 
parameters are added, the OL parameter still predicts the π–π* region of the spectrum well enough 
but not as much as the Jx parameters, lower RMSDs are obtained with the Jx parameter in both 
the π–π* and n–π* regions of the spectrum (Table 2). As shown on Figure 3, the addition of the n–
π* transition parameters gives normal modes in the right locaction of the spectrum. Though the Jx 
parameter more closely reproduces the peak around 190 nm than the MP parameter, the later more 
closely reproduces the 210 nm peak (Figure 3).  
With the implementation of the n–π* transition parameters, best results are obtained when 
methyl, methylene, and methylidyne hydrogens are excluded. This further supports the previously 
proposed idea of excluding side chain hydrogens in a bid to improve CD results with the dipole 
interaction model. As noted by Uporov et al (9), picking a single parameter from the seven (OL, 
Hx, Ho, Hy, Jx, Jo, Jy) that best predicts the CD spectra of a given class of proteins with the dipole 
interaction model is a little challenging. This can be seen with OL and MP parameters giving better 
result for calexcitin when only the π–π* transition parameters are used, while Jx tends to be a better 
predictor of the spectrum when the n–π* transition parameters are included. However, the addition 
of the MP parameters eliminates the need to test all seven parameters as all seven parameter 
produce same results when the MP parameters are added. Thus, MP parameter should be the 




Table 2. Calexcitin CD Analysis with both π–π* and n–π* Transition Parameters Included. 
 



























Excluding Methyl Hydrogens 
a SRCD 193 12.50 208 -6.12 223 -5.52 0.00 0.00 0.00 
e 6000Ho 189 6.84 207 -4.63 223 -2.42 4.87 2.56 3.51 
e 4000Jx 195 12.21 211 -7.55 223 -4.74 2.16 0.75 1.54 
e 6000OL 192 9.43 209 -5.44 223 -3.13 2.61 1.76 1.99 
e* 4000MP 193 18.57 207 -10.24 223 -3.57 3.90 1.42 2.70 
e* 6000MP 193 8.97 210 -5.20 223 -3.08 2.63 1.82 2.02 
Excluding Methyl and Methylene Hydrogens 
a SRCD 193 12.50 208 -6.12 223 -5.52 0.00 0.00 0.00 
f 6000Hx 188 7.41 207 -5.19 223 -2.60 5.04 2.34 3.57 
f 4000Jx 195 12.33 211 -7.47 223 -4.66 2.20 0.74 1.56 
f 6000OL 192 9.17 209 -5.59 223 -3.13 2.86 1.75 2.13 
f* 4000MP 193 18.57 207 -10.24 223 -3.57 3.90 1.42 2.70 
f* 6000MP 193 8.97 210 -5.20 223 -3.08 2.63 1.82 2.02 
Excluding Methyl, Methylene, and Methylidyne Hydrogens 
a SRCD 193 12.50 208 -6.12 223 -5.52 0.00 0.00 0.00 
g 6000Ho 187 7.84 205 -4.88 223 -2.29 5.56 2.69 3.96 
g 4000Jx 193 13.69 210 -7.86 223 -4.50 1.86 0.85 1.36 
g 6000OL 190 10.31 207 -5.31 223 -2.57 3.56 2.34 2.68 
g* 4000MP 193 17.77 209 -10.00 223 -4.78 3.29 1.28 2.33 
g* 6000MP 193 9.26 212 -5.41 223 -4.03 2.31 0.98 1.68 
 
a SRCD from the Protein Circular Dichroism Data Bank (23).  
 e CDCALC using PDB structure (2CCM) minimized via NAMD/CHARMM22 in vacuum and 5,000 conjugate gradient steps.  The hydrogens on all CH3 groups 
are ignored.  Both the π–π* and n–π* transitions are included. 
f CDCALC using PDB structure (2CCM) minimized via NAMD/CHARMM22 in vacuum and 5,000 conjugate gradient steps.  The hydrogens on all CH3 and 
CH3CH2 groups are ignored. Both the π–π* and n–π* transitions are included. 
g CDCALC using PDB structure (2CCM) minimized via NAMD/CHARMM22 in vacuum and 5,000 conjugate gradient steps.  The hydrogens on all CH3, CH2 
and CH groups are ignored. 





   
 
Figure 3. Calexcitin CD Prediction with Both π–π* and n–π* Transition Parameters. Adding the n–π* transition parameter improves 
predictions around the 230 nm region of the spectrum. Excluding all methyl, methylene, and methylidyne hydrogens (C) improves 




Theoretical CD prediction with the dipole interaction model (DInaMo) is a rapid and efficient 
method of predicting the CD spectrum of proteins. Thus, it is a good program to introduce 
undergraduate students to the basic principles of circular dichroism. The parameters of choice to 
introduce students to the dipole interaction model is the original treatment of the amide (OL) with 
mean polarizability (MP) parameters for CH3, CH2, and CH groups, since it excludes the need of 
trying multiple parameters to determine which works best for a given protein. It is advised to 
include both the !"!* and the n–π* transition parameters with mean polarizabilites for all methyl, 
methylene, and methylidyne hydrogens. However, for a fuller and more complete interpretation of 
the CD prediction, one is encouraged to try all parameters and hydrogen exclusion combinations 
as some proteins tend to work better with a given parameter than another. 
Acknowledgement  
We would like to thank Jon B. Applequist for his advice and personal communications. This 
publication was made possible by NIH/NIGMS grant No. 1R15 GM095805-01 including 
support for Akongnwi Jungong, Tsvetan Aleksandrov, Rahul Nori, Felix Ngassa, and Kathryn 
Thomasson.  NIH grant P20 RR016741 from the INBRE program of the National Center for 
Research Resources supports the North Dakota Computational Chemistry and Biology Network 








(1) S. M. Kelly, and N. C. Price. BBA- Protein Struct. M. 1997, 1338, 161–185. 
(2) R. W. Jane, and B. A. Wallace. An Introduction to Circular Dichroism and Synchrotron 
Radiation Circular Dichroism Spectroscopy. In Modern Techniquies for Circuar 
Dichoism and Synchrotron Radiation Circular Dichroism Spectroscopy,IOS Press BV: 
Netherlands, (2009) Vol. 1; pp 1-18. 
(3) H. M. Berman,  J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig, I. N. 
Shindyalov, and P. E. Bourne. Nucleic Acids Res. 2000, 28, 235-242. 
(4) D. G. Lawton, C. Longstaff, B. A. Wallace, J. Hill, S. E. C. Leary, R. W. Titball, and K. 
A. Brown. J. Biol. Chem. 2002, 277, 38714-38722. 
(5) G. Siligardi, R. Hussain, S. G. Patching, and M. K. Phillips-Jones. Biochimi Biophys Acta 
2014, 34-42. 
(6) Y. C. Chen, and B. A. Wallace. Biophysical J. 1996, 71, 163-170. 
(7) M. T. Oakley, and J. D. Hirst. J. Am. Chem. Soc 2008, 128, 12414-12415. 
(8) S. M. Kelly, N. C Price. Sample Preparation and Good Practice in Circular Dichroism 
Spectroscopy. In Modern Techniquies for Circuar Dichoism and Synchrotron Radiation 
Circular Dichroism Spectroscopy,IOS Press BV: Netherlands, (2009) Vol. 1; pp 91–107. 
(9) I. U. F. Uporov, N. Y.Forlemu, R. Nori, T. Aleksandrov, A. B. Sango, B. Y. E. Mbote,  
S. Pothuganti, and K. A. Thomasson. Int. J. Mol. Sci. 2015, 21237-21276. 
(10) P. T. Erskine, and G. D. E. Beaven, S. P. Wood, G. Fox, J. Vernon, K. P. Giese, J. B. 
Cooper. J.Mol.Biol. 2006, 357, 1536-1547. 
(11) J. Applequist, J. R. Carl, and K.-K. Fung. J. Amer. Chem. Soc. 1972, 94, 2952-2960. 
(12) J. Applequist. Colorado State University, Fort Collins, CO1993. 
(13) W. Humphrey, A. Dalke, K. Schulten. J. Mol. Graph. 1996, 14, 33-38. 
(14) J. C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, R. D. 
Skeel, L. Kale, and K. Schulten. J. Comput. Chem. 2005, 26, 1781-1802. 
(15) K. L. Carlson, S. L. Lowe, M. R. Hoffmann, K. A. Thomasson. J. Phys. Chem. A 2005, 
109, 5463-5470. 
(16) A. Jungong. Improving far-UV CD prediction with the dipole interaction model. The 
University of North Dakota, Proquest Dissertation Publishing, 2016. 10250134. 
https://search.proquest.com/docview/1862145113/fulltextPDF/76A72AAAD84A40D4P
Q/2?accountid=28267. 
(17) J. Applequist, K.R. Sundberg, M.L. Olson, L.C. Weiss, J. Chem. Phys., 1979, 70, 1240-
1246. 
(18) K. A. Bode, and J. Applequist. J. Phys. Chem. 1996, 17820-17824. 
(19) J. A. Schellman, and P. Oriel. J. Chem. Phys. 1962, 37, 2114-2124. 
(20) R. W. Woody, and J. I. Tinoco. J. Chem. Phys. 1967, 46, 4927-4945. 
(21) P. T. Erskine, A. Fokas, C. Muriithi, H. Rehman, L. A. Yates, A. Bowyer, I. S. Findlow, 
R. Hagan, J. M. Werner, A. J. Miles, B. A. Wallace, S. A. Wells, S. P. Wood, and J. B. 
Cooper. Acta Cryst. D 2015, 71, 615–631. 
(22) K. A. Bode, and J. Applequist. J. Am. Chem. Soc. 1998, 120, 10938-10946. 
(23) L. Whitmore, B. Woollett, A. J. Miles, D. P. Klose, R. W. Janes, and B. A. Wallace. Nuc. 
Acid. Res. 2011, 39, D480-D486. 
 
